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A B S T R A C T

A very compact tip/tilt, mirror has been dcvclopcd  for t}m Wide-1~icld/1’larrctary Carncra  11, a scicncc  instrument
that is to bc installed in the IIubblc Space l’clcscopc  to restore the IIubblc’s  irr]aging  pcrforlnancc.  q)he Articulating
11’old Mirror (AII’M)  is a space qualified, ultraviolet compatib]c  dcvicc that incorporates many advanced features
including a highly lightwcightcd  mirror and clcctrostrictive solid state actuators that provide ]Jrccisc and rcpcatatrlc
open loop pcrforrnancc.  ‘J’hc design, fabrication, and testing of the AII’M arc dcscribcd.

J . JNTROIIUCTION

2’}lc Wide-1~ield/1’lanctary Camera (WII’/l’C)  is the prir]cipa] scicncc  instrument aboard the Ilubb]c  Space
‘1’CICSCOIJC.  At the time the IIubb]e  Tclcscopc  was laullchcd  in IWO,  a flight spare carncra,  Wlr/1’C-2  (csscrltially  a
co~)y of WII’/I’C),  was lrcing built at JP1,.  !f’hc sigr]ificancc of W1’’/C’2-2  ctlangcd  dramatically w}lcn it W:LS disco~’crcd
that Lhc ]Iubblc  ~’clcscopc  pr-irnary  mirror suft’crcd  from several waves of s~)hericai  aberration, sm-iously i]r]pairirlg
the ol]tical  pcrforrnancc  of the tCICSCOIJC  and its instru]ncnts. ] It was quickly realized that by rnakir]g a minor change
to the Wl~/1’C-2  optical design, it would theoretically bc possihlc  to correct the I1ubblc wavcfrorit error and restore
the imaging performance to nearly the original specifications. Moreover, since t}lc Wh’/l’C-2  w’as  already WC1l  along
in fatn-icatiorl, an opportunity existed for a relatively quick ar]d low cost fix to the llubblc’s  imaging problcru.  A
scrvicirlg  mission was subsequently sc}lcdulcct for 1993 to rcplacc  WII’/l)C with WI~/I]C-2  using astronauts working
frorr] the Space ShutLlc. Apart from a desire to corrccL the irrlaging pcrforrrwrncc  at the car]icst  prr~siblc date,, the
schcdu]c  for the first  servicing rrlission was also under prc~surc duc to ccrLairl  cng, inccring  prob]crns  discovered with
the ]Iubhlc  that were t,hougt]t to place  the bca]th  of the observatory at risk. l~ig. 1 shows a cutaway view of W]7/1’C-2.

g’}ic rrlct}lod for cormctir]g  the IIubblc  wavcfror]t error tlas hccr] detailed  clscw}lcrc, .2 it, is Useflr] to visualize t h e

approach as that of canccl]ing  onc error (in the IIubblc)  with an opposite “crror” placed orl OIIC of the WII’/l’C-2
mirrors. ‘l’his is straightforward in princi])lc,  but, is made diflicult  in practice by the Iar-gc rr]agrlitudc of Lhc error that
nmst bc corrcctcd.  It was dctcrrnincd  by calculation that the alignmcrlt  precision required to cflcct  the wavcfront
corrcctio]l  was an order of magnitude rnorc stringcrlt than the original to]cranccs  for WF/1’C-2,  ar]d rcprcscrltcd  a
dcgrcc of aligrlrncnt  stability WCI1 beyond w}]at t}lc WII’/l’C-2 had been dcsigrlcd to dc]ivcr. in actdit,ior],  circurnstanLial
cvidcncc  suggested that the on-orbit alignrr]cnt  of Wh’/l)C  was driftirlg  over Lir]lc;  .sirllilar  drifls  irl Wl~/1’C-2 could
rcr]dcr the correction incfTcctivc.  A rr]caus of guaranteeing on-orbit aligrlrrlcnt was nccdcd.

!f’hc Articulating l’old Mirror (SCC l’ig. 2) assures t}lat the Wh’/I’C-2  optical  trains can lw aligrlcd within t}lc
required tolcrancc  to rcxtorc  the Ilubb]c  irrmgirlg pcrforrnancc.  q’}lc rcrr]airldcr of this paper details t}lc rcquircrncnts
for the Al~’M subsystcrr]  and dcscribcs  the design, fabrication and flight qualification of the act,ivc ll]irrors;  the
associated drive clcctronim  arc not discu.sscd.  It is noteworthy that t}]c decision to develop the AII’Ms was taker] with
lCSSS  thar] two years remaining before the required delivery of the corrlplctcrf  Wl(’/I’C-2 instrument. In order nc,t to
i:npact the delivery schcdulc,  the flight, qualified AII’M mirrors were nccdcd for integration into the o~)tical bench ICSS
than 10 lr~ollths frorrl the tilrlc the decision was rnadc to dcvc]op thcrn. ‘J’hc schcdu]c  and fiscal corlstraints,  together
wit,}l the tight packaging rcquircmcnts  that will bc dcwritrcd  later, corrlpc]lcd  t}w tcarrl to adopt a “skurlk  works”
approach to t}]c AlI’M dcvcloprrlcnt.

2. 0} ’’J’ICA1.  A1,l(:NMENrl’

‘]’hc \~I:/1’(;-2 instrurrlcnt  corlsists  of three f/] 2.9 al]d orlc f /28.3  optical  trairls  that rrllls(  t)c in aligrlmcnt
sirll~]lt,:irl(:()\~sly. A typical optical train is dcpictcd in h’ip,. 3. Y’}ic  optical dcsig]l  p]accs  the,  exit puljil of the Ilui)blc
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Arliculatingibld Mirror for the Widel<’icld/I’lanclary  Carncrall

lrig.2. Arliculatingl’old  Mirror.

Telescope onto the secondary mirror of the relay optics. }]ach secondary rr]irror  is polished to a shape that exactly
matches the error  in the Ilubblc primary nlirror.  If the exit pupil is ct-mtcrcd  on the secondary mirror, then the irnagc
fornlcd at the focal p]anc is well corrcctcd.  If the pupil is offset to OIIC side (pu~)il  shear) thcll  t}w irr]agc formed at
the focal phn]c will cx}libit coma. In order to restore the I ILrtrl)lc  iruagir]g  pcrforrurrrlcc  to its origir]al  specifications,
the o]]-orbit  pupil shear resulting from all sources cannot cxcccd 0.4 pcrccnt of the pupil diarnctcr  (approximately
50 rrlicrons at the secondary nlirror).  The rllcxst  straightforward means of adjusting the positiorl  of the pupil on-orbit
is by controlling the tip and tilt of the fold mirror irl each optical train. T}lis  is the functior] of the Articulating F’old
Mirror. l’upi] shear earl trc corrcctcd in onc of the four optical trair]s  by rrlcans of t,hc actuated pickoff rrlirror. Three
AII’Ms arc used to correct the residual pupil shear in the remaining three optical trains.

3.1. Fulict,ional rcquircxncults

A systc~rl Icvcl error budget was dcvclopcd  to assure on-orbiL aligrlrlmnt. ‘1’}lc A1~M furlctior]al  rcquirerncnts
that flow from this error budget arc surrmlarizcd  in Table 1. The tip/tilt ran,gc rcquircrllcnt  for the rrlirror is a
rncamrc  of the worst case uncertainty asociatcd with the pupil  aligr]rncnt likely LO bc ac}licvcd on-orbit. A fold
rr]irror  tilt of 206 arc scc (1 mrad) corresponds to 4.8 pcrccnt  pupil shear. q’hc l’rojcct cstablisllcd  a goal of aligrling
the inslrurucnt on the grourld such that no on-orbit adjusLrllcllt would bc rcquir-cd. Consistent with this goal, the
AlrM is required to remain ir~ its ground aligned ‘(horrlc” position wit,hiri  410 arc scc t}lrou.gh  lauric}l  and transition
to on-orbit cnvironrncntal  conditions, and to return to t,hc “}lorIlc” positiorl  aUtOrIl[LtiC:illy  shoulci there bc a failure
in the actuation clccLronics  of t}lc AII’M suhsystcrn.

‘1’able 1. ]“unctional rcquircmcr]ts
.

7’i])/’l’ilt  ILan.gc > +206  arc sc~ (4 1 Ir]r;cf)
St]ort  q’crrn (2000 sccor]ci)  Stabi]ity  <4:1.8 arc  scc

IJorlg  ‘J’crrn  Stabil i ty <:1  13.6 arc scc
Cround-to-Orbit  Stability <310  arc scc

Rcpcatatri]ity % + 1% (+2 arc see)
‘lilt Step Sixc = 1 arc scc-.. . . . . . .— —

Stability of the ti]t  angle is broken  into short t,crrrl sl,ahi]ity (2000” seconds of tirr]c) and long tcrrl] sLat)ility. Shorl
tcrrn  stability is driven try tl~c requirement that L}lc irllagc on the focril plane rcruain  stahlc durirrg  an exposure to
wit,hirl c)nc tenth of a pixel; lor]g  tcrrr]  stat)  ility  is rfrivrnl by the rcquircrr]cr]t  that the pupil irl cac}] of the optical
trairw rcnmir]  in aligr]rncnt to wil,hir] 0.4 pcrccnt pupil shear. ‘1’hc  IIuhtrlc 2blcscoIjc is oI)craLcd as a rmrl-real tirnc
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Fig. 4, Fixed fold nlirror in optical bench
showing packaging constraints.

systcrn;  in order t,o reduce the time required to align WII’/PC-2,  t,hc AII’M is required to operate prcdictab]y  and
rcpeatabl y within +.1 pcrccnt full rrmgc.

3.2 Optical rcquiremcrrts

Two AFMs  were nccdcd  for the f/12.9 and onc for the f/28.3 optical trains. q’able 2 lisLs tbc optical requircnlcnts
for t}]c AFM  rcflcct,ing surfaces.

Tab]c 2. Optical rcquircrncnts

Surface

- .

Scratch/J Jig 20-5 pcr JMI1,-O- 13830 ‘-
‘Surface (f/12.9)
Surface (f/28.3)

l)cviation (at 6328A)
Surface ltoughncs

Rcficctancc  at 1216A
]tcflcctancc  at 2537A

flat
convex; radius=. 231.2 illch:I 1 inch
< A/] 00 RMS
< 20~ RMS
> 78%
> 86yo

3.3 Temperature  and contaminat ion requirements

A unique feature of the Ilubblc Tclcscopc  is its ability to scc tbc universe at ultraviolet wavc]ctlglhs  bccausc
it is outside the earth’s atrnosp}lcrc.  Ultraviolet pcrforrnancc  is a high priority for W1’’/C’2,2, and consequently a
rig;orous contamination control plan has been adopted. All materials used in the AI;M arc required to bc “clean”
with respect to the generation of particles and condcnsiblc  volatile gases. Typically, WI:/I’C-2 components arc baked
out ir] vacuum to drive off all condcnsib]c  volatilcs.  This is an cxpcnsivc  proccw  that can take many days. lrlcrcasing
t}lc bakcout  tcmpcraturc sbortcns the bakcout  duration; thcrcforc,  it is dcsircablc  that t}]c AFM bc compatible with
M }ligb a tcrr]pcraturc  M possible. q’hc fir]al dcsigr] is compatib]c  with 125°C bakcouts.  To prevent corltarnination
from condensing on tbc cooled focal plane detectors in flight, it is dcsirab]c  that tbc WII’/l’C-2  operate at as cold a
tcrnpcraturc M fcwitrlc, The A1’lvls  were required to operate at M CIO.SC  to O°C as po.ssib]c.

4 .  PACKAGING CONS’3’R,AINTS

7’I)c most significallt  cnginccring  challcngc  involved packaging the AF’M such that it could replace an existing
jhcrf fold nlirror in the optical bench. ‘1’hc decision to develop the AFM was made at a tirnc wbcn rrlost of the
W17/1’C-2 hardware was in the final sta,gcs  of fabrication, including tbc optics. 3’hc fixed fold nlirror  was dcsigrlcd to
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fit entirely within a clearance hole in an Invar  bulkhead of the existing optical bc~!c}l. The front surface of the rr]irror. .
could not bc rrlovcd forward without affecting the optical design of the inshunlcnt,  and the back of the rrlirror holder
could not trc rnovcd  rearward duc to the proximity of an existing filter W}ICC1  a.wcmhly. l’hc  packagirlg constraints
can bc appreciated from Fig. 4, which depicts a typical fixed fold mirror in the optical bcnc}l bulkhead.

The narrow clcarancc  bctwccn  the fold mirror bulkhead and the filter wheel assctnbly  meant that the cabling
t,o the AF’M  nccdcd  to bc minirnizcd. Since the actuator drive electronics was also being added to the existing
instrurncnt, its size, power and weight also nccdcd  to he minimized. ‘1’}lis  argued against havir)g positiorl  sensors in
the AII’M for feedback control, with their associated conditioning clcctmnics  and cahlirig.

5. FEA S1l JI1,ITY  STUIIY

(;ivcn  the scvcrc packaging constraints, it was not irrlnmdiatcly  obvious that a dcvicc could hc designed that
would rrlcct the functional rcquircrncnts.  l>rior to rr]aking  a decision to procccd  with the AlriM, the JVI(’/l’C-2  l’rojcct
comrrlisioncci  a two month  feasibility study. The objectives of Lhc study were to j)roducc  a cor]ccptual  dcsigrl together
wit,tr COSL and sc}lcdulc  cstirnatcs for the dcvcloprrmrt  of flig})L qualified A1’Ivfs.

5.1 ‘1’hc l’r-irnc  rnovcr

The packaging corM,raints  made a conventional motor arid gear-trairl ap~)roach  (such [LS that used for the
actuatccl  pickoff mirror) irr]j)ractical.  Three alternative solid state prirrlc rnovcrs were cvaluaLcd: rriagrlctrostri  ctivc
alloy, pimoc]cctric  cm-arnic,  and clcctrostrictivc ccrarrlic. Magrwtostrictors  and pirwoclcctrics  were rcjcctcd  bccausc
of their hysteresis arid tcrldcncy  to drift, which would have required t}lc addition of feedback sensors ir] the AI~M
to rrlcct the rcpcatabilit,y  and stability rcquircmcnts. ltlcctrostrictivc ccr:irnic cornposcd  of Icad rrmgncsiurn  niobatc
(l’MN) apprmrcd to offer the required precision, but the behavior of I’MN at the required crpcraticrllal  tclrlpcrature
was urlkr]own.  F3cctrostrictivc  ccrarnic  rnulti]aycr  actuators were originally dcvc]opcd by l,ittorl/ltck  O])tical Systcrrls
for dcforrrlablc  tllirror  applications and conscqucnt]y  ltck was irwitcd  to bccornc a par-trlcr  irl the Al)h4 dcvclopmcnt.

5.2 C}l:lr:lctcriz:lt  iorl of clcctrostrictive. cc:rat~lic  actuators

An irltcnsivc  cx prxirncnt  al investigation was undcrLakcrl to c~laracLcrizc the hchavior  of the 1 tck clcctrostricti vc
ccrarnic  actuators over the tcrnpcraturc  range  of intcresl, ‘1’hc acLuritors  arc ncar]y  ideal electrical ca~jacitors. SLatic
actuatiori involves charging them wit}l  a dc vol Lagc; once cncrgiz cd, t}m actuator draws n,armarn~)  Icvcl current. At
scvm-a]  tcrnr)cr:itllrcs,  three cycles of 1 IIz sine wave vo]tagc were app]icd and the corrcs~]onciing  strain rcspo~wc wrus
rrlcasurcd.  q’}]c  rcsu]ts  arc p]ottcd  in ]“ig. 5. The quadratic strain rcs~)orwc characteristic of c]cctrostrictive  ceramic
is readily a~lparcnt. 3 Three tcrnpcraturc  dcpcndant phcrlolncna  arc evident frorrl F’ig.  5. l~irst, t}]c rrl:igrliLudc  of the
strairl  incrca.ws  with dccrcasirlg  tcrnpcraLurc,  being rrmst sensitive i,o tcrrlpcr:i Lure rlcar 5 dcg C. %corl(i, hysteresis
irlcl-cases slcadi]y  as L}IC tcrrlpcraturc is rcduccd.  An(i  third, for t,hc iowcst tcm~mraturc  c(lrvc, two different upward

4



J. Rm.wo  and M. Nafcy

LIGHTWEIGHTED
MIRROR

/

A reticulating Fold Mirror for the W;dc-I’Md/J  ‘Lmctary Camera 11

BEZEL TILT
RETAINERS BEZEL MECHANISM
I

COVER
l \ \

TIE BAR PIN FLEXURES
FLEXURES

l~ig. 7, Ilxploded  vicwof  ArLiculatingl~old  Mirror.

PMN ACTUATORS

manifolds can bc seen, which indicates that the strain had noL returned to zcrcr frcrn~  the first cycle of vo]tagc  Lmforc
the next cycle was applied. Fig. 6 sheds rnorc light on this third point. ‘J’he.sc plots show t}lc strain rmponse  to slcp
changes in applied voltage. At room tcrnpcraturc, t})c strain response is nearly instantaneous; at lower tcrnpcraturcs,
the final strrrin sLatc is approached more slowly. A very important feature of tllc clcctrostrictivc ccranlic  is that, even
at rcduccd  tcml)craturcs, the sLrairl  appears to return to zero whcrl the applied voltage is rcturrled  to zero, although
it may take a few seconds. This feature is rcfcrrcd to as a stab]c  zero strain state, which pcrrr]its  the AFM to bc
operated in a rcpcatablc rrmnner even in the prcsencc  of hysteresis. Chan~cs  in lnirrm positiorl  arc accorrlplis}lcd  by
first “resetting” the strain to zero and thcrl increasing the voltage monotorlically  to the desired wiluc.

5.3 Couccptual  design

l“our corlceptual  designs were dcvclopcd  during the feasibility study. The cmn~)lcxity  of the various designs
was in proportion to the dcgrcc  to which the ceramic actuators were protcctcd against tensile stress. q’hc simplest
design was prcfcrrcd  from the standpoint that the actuators could bc integrated into t}lc rncchanisrn  using the same
rr]cthods  dcvclopcd  by ltck for dcforrnab]c  rrlirl-ors. The ncgat, ivc aspect, of this design is that the actuators bccorrle
primary structural components (as they arc in dcformatrlc  rrlirrors) and t}lus arc sutjjcctcd to tensile strcsx when the
rrlirror is actuated and during launch vibration. ‘1’wo  cr]ginccring rnodcl mirrors trascd on t}lis sirnplcr  corlccpt  were
fabricated durir]g the course of five weeks.~ q)hcsc mirrors pcrforrncd  as prcdictcd, validating the corlccpt  as WCII  M
the rnodc]ling  and fabrication techniques crnploycd. ~’hc rapid dcvclopmcnt  of the cnginccring  rrmdcl mirrors was
irlftucntial  in the final decision to procccd  wit}] t}lc flight AII’Ms,  since unprcccdcntcd speed would bc required to
rncct the l’rojcct schedule.

6. FI,IGIIT  Al~’M IIESIGN

‘1’hc  decision was made to base the flight dmign  Al~M on the cnginccrirrg  rnodcl mirror dcvc]opcd in the feasibility
study since this rrlirror had ]nct  the tip/tilt rcquircrncnt  of 41 rnrad,  and would pcrrnit ltck to integrate the actuatcws
in a familiar rr]anncr. The dcsigrl  was not yet suitable for flight,,  M no attcnticrn  had been paid to stresses associated
with the ]aur]ch  vibration cnvironrncnt,  and the position of the rcf]cct.ing surface WtLS rrmch  too far forward, i.e., rKrt
corr~~mct crlough.  ltck cxpcricncc  suggmtcd  arl allowahlc  tensile stress for the clcctrostrictivc actuators of 1000 psi.
‘1’hc irlitial  design goal for the AF’M  wa.. to withstand 200 g acceleration while kcc])ing  actl~ator  stress bc]ow 500 psi
(t}lc gorr]  was not quite rr)ct),  and 1,0 ac}licvc 1 rnrad mirror tilt, with no rrlorc than 300 nlicrostrain in the actuators.
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11’ig. 7 shows an exploded view and I;ig. 8 ascction view ofthc flight Al~M cfcsi~n. Tile  fused silica rl]irror is
su j)ported  at three locations around its pcrirnctcr  by three flcxurc tines of the lnvar  buzcl. q ‘}lc bczc] is hondcd  to the
rrlirror wit}l 11.3” V 566 silicone rutrtrcr  norninrrlly  .011 inches thick. The  bezel is attached to the lnvar  tilt, rnccha]lism
via three pin flcxurcs  and three tic-bar flcxurcs.  I’hc pin flcxurcs  arc bonded  at the tilt mcchanisrr] side to three hrgs.
l’~ach lug protrudes from a canister that hou.scs a two scgrncnt  clcctrostrictivc actuator. “J ‘he canisters arc supported
by two-blado  paral]cl  motion flcxurcs  that arc integral to the tilt rllcchar]isrn. q’hc two scgrncl)t actuators arc bonded
at OI]C end to the inside of the canister and at the other cnd to the cover. All actuator bonds m-c rnadc using I~poTck
353N1)  epoxy, and all ftcxurc bonds are made using ltA9394 epoxy with IIltl 27 prirrmr.

6.2  KiImlrmtics

‘1’hc  tilting of the rr]irror  is accor~lplis}md  a.s follows: An c]cctrostrictivc  acturrtor  is cncrgizcd  electrically,  causing
the length  of the actuator to increase. q’hc actuator reacts against the cover, pushing t}lc carlistcr  forward (guided
by the parallel motion ftcxurcs). As the canister n~oves for.vard,  its lug pushes the pin ffcxurc forward, which in
tur]r pus}les  the bezel forward at its point of attachrncnt. q’hc rcn]aining  two pin flcxurcs resist the forward push,
resulting in an overturning Inomcllt  on the bezel.  T}IC bezel tilts accordingly (the pin flcxurcs  bend irl the process)
carrying the rrlirror with it.

1 lccause  the pi~l ffcxurc is offset frc)rn the ccntcrlinc  of the canister, resistance to forward rrmtion at the bezel
crcatcs a bcndirjg  moment back on the canister and actuator that is effectively resisted by the parallel nmtion  flcxurcs.
I,atcral sul)port  to the bezel is provided by the three tic-bar flcxurcs. These arc carefully positiolmt in t}]c sarnc
plane as tbc center-of-gravity of the rrlirror/bezel combination .s0 t}lat lateral aCCC]CrfLtiOIl  does r]ot  callse a t,cnding
rnorrlcnt  due to cg off.set and a corresponding rotation of the bezel, This h:~s the combined cf[cct of rnirlirnizing

gravity offload  rotatiorl  of t~lc mirror, rnirlirni~ir}g  stress in the pin flcxurcs, and rrrir]irrlixirrg  angular jitter in the
]rlirror due to orl-orbit  rnicro[)honics.

G.3 Actuator gcolnetry

Tbc  scheduk constraints precluded the rnar)ufacture  of cuslorm  act,lrators  for the A]I’M. ]’orturlatc]y,  It,ck pos
scswxt residual stock actuator segments of the 0.150 inctl diarrwtcr  S1;1 ,ltC7’ dcxsigrl,3 one of which is showri in l)ig,. 9.
g’})c  actuator scgrrrcnts arc approxirnatc]y  0.340 ir)chcs in ]cngth  and consist of approximately 39 active liiycrs, each
.007 irlcllcs thick. ltck operational cxpcricrlce  suggests that, the safe ]irrlit for strain irr t}lc scgrr]cnt  is approximately
450 nlicrostrain. l’his value was dcratcd to 300 nlicrostrain for the AI’M, which corresponds to an applied voltage
of approxirrlately  90 volts at room tcrnpcraturc. At 300 rnicrostrain,  cacti actuator scgrr~cr]l  ~mwidcs  a lirmar str-okc
of :l[)lJr{)xirri:itcly  ‘2 microns. ~’hc tilt i)nglc achicvab]c  for a givcrl ]ir)car stoke of the aCtllatOr  is governed by how
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Fig. 10. I,ightwcightcd  mirror machined Fig. 11, Tilt nmchanism  machirlcd  frorr] a
from fused silica. monolithic block of lnvar  36.

closc t,hc pin flcxures  arc locat,cd to the ccntmlinc  of t}]c ascrnbly (0.06 inches in the AI~M).  Clcarancc  limitations
suggrxt,cd  that a nlinirnum  of two actuator segments (cnrl-twcnd)  would bc required to reach the 1 rrlrad tilt rcquirc-
rrlcllt. Ilac}I actuator thcrcforc  consists of two scgrncnts,  indcpcndrmtly  addressable by the drive clcctrorlics.  q’his  also
provides tip/tilt redundancy to onc ha] f full range should one of the scgrncnts  in each actuator bccomc  inoperable.
Three actuators arc  arranged at 120 dcgrcc  positions around the ccr]tcrlirlc of the AF’M  as shown in l~ig. 7.

6.4  l,iglltwciglltcxf m i r r o r

In order to place the rcflcctivc  surface of the mirror at the desired location, the maximum allowab]c thickness
of the AI”M, mcrrsurcd from the front surface of the mirror to the back of the cover, is 0.880 inches. Given that the
actu:itors t}lcrnsclvcs arc approximatc]y  0.680 inches in lcr)glhj it w.~s dcciclcd to light, weight the rliirror  try rtlrrchining
cavities irl the track surface. Approxinlatc]y  onc }lalf of the glass was rcrrlovcd in the ]ightwcig}lLir)g  ~JrOCC&”.  The tilt
rnccl~rrllisrs~ c:inistcrs  cxt,cnrt into the c]carancc  cavities. The lightwcig}lting  }Ias the added rrdwintagc of reducing the
total rotary incrlia of the tilting port,icrn  of the AII’M. !l’hc li,glltwcig}ltcd mirror is sccrl frorr] the brrck side in F’ig.  10.

6.5 Structural analysis

A dctai]cd  finite clcmcnt  rr]odcl was dcvclopcd  to analyze stresses ancl deflections duc to articulation of the tilt
lncclanisrn, launch vibration, and t,hcrrnal cffcct,s.  ‘The mirror was also rnodcllcd  in detail to .wsurc t}lat the reflecting
sur-face would remain in specification at the operating tcrnpcraturc. q’hc ]owcst  frequency nlodcs  of vibration arc
t})c tip/tilt rnodcs  at approximately 400 11x.  g’hc structural analysis and rllodcllirlg arc dcscrihcd  in greater detail
clscwhcrc.5

6.6 Opcratiolml tcxrlpcratur-c  rarlge

‘Ilw symmetry of t,hc AII’M dcsi,gll  rr]akcs the mirror tilt angle irl}lcrcntly  insensitive to cocfficicrlt of t}lcrrtlal
cx~mnsiorl (CTP;)  effects. ]n addition, the design is athcrrrlalizcd  try matching the C’I’l;  of t}lc tilt mechanism
(Invar 36), the mirror (fused silica), and the actuators (clcctrostrictivc  ccrarr,ic).  l’hcrcforc,  when t},c Al~M is in an
un~)owcrcd strrtc,  i.c,, in the “hornc” position, the tilt, angle is insensitive to tcrnpcraturc. “1’crrlpcraturc  sensitivity of
tilt angle ari.scs almost entirely from tcrnpcraturc  dcpcndcncc  in t}lc rclations}lip  bctwccri  strain and applied voltage
in t}lc actuators. R-orn l~ig. 5 it was seen that the tcnlpcraturc  sensitivity rcac}ics a rrlrixirrlurrl  near 5°C. T w o
corlclusions  earl Lc drawn from this. l’irst, the scrwitivit,y of AI~IM tilt arlglc to tcrnpcraturc is proportional to the
dcgrcc to which the AFM is commanded to tilt. Second, t}lc stability of the Al~M tilt ar)glc is govcrrlcd not only by
t}lc stal)ility  of t})c voltage applied to the actuators, but rrlso by i,hc stability of t}lc tcrl)~)crilturc of the AF’M and
how ricar that tcmpcraturc is to 5°C.
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An ins~)cction of cm-orbit data from WII’/l’C  togrihcr  with thermal rrnrrlysis  suggests t}lat  t,hc op~ica]  bench
t,m[lpcraturc  stability over a 2000 second period is approximately 0.07° C. Cornbinir]g this stability value with the
s}]orl tcrrll  tilt arlglc rcquircmcrrt  of Tatrlc 1. and the nlcrusured  strain sensitivity of Fig.  5 dctctrrlincs  the lowest,
tcrrl])crriturc  at which the AJ>h4  can bc commanded to full range (1 rrmrd)  and still rnccL the stability rcquircrncnt.
‘1’his tcrnpcraturc  is conlputcd  to be 10“C, and sets the lower bound on opcratiorlal  tcn~pcraturc.  ]bOI1l  tcmpcratute
is the warrncxt. operational crlvironmcnt. cncountcrcd  by the A1’Ms and thcrcforc  sets the upper bound.

7. FI,lGII’T  AFM FAIlltICATION/ASSI+;MDI,Y

7.2 Mec}mnism  falwication

All metallic components of the AF’M arc fatrricatcd  from Invar  36 alloy. q’he tilt mcchanisrn,  bezel, and flcxures
were rnachincd  irl large part try the wire clcctro.discharge machining (R1)M) procms.  ‘1’his enabled the tilt mechanism
in particular to bc rnachincd  as a monolithic component (.SCC Fig. 11). ‘1’hc surfaces of the parallel motion flcxurcs,
pin flcxur-cs  a~]d tic-bar ftcxurcs  were rnachincd  try a two-pas. I!l)M  proccdurc  that produced the fincsl  surface finish
possible  to maxilr)izc  fatigue life.

7.3 Mec]mrlisirr asscxnbly

‘1’hc  mcta]lic  components of the rncchanisrn  were rr.<scrnt)]cd at J1’1,.  q’hc alignment of the bezel,  tilt rncchanisrn
and pin flcxurcs  was established by mate}) drillirlg  the six }1OICS t}lat the pin flcxurcs  arc borldcd into using a rr~rrstcr
drill fixlurc.  O-ring seals of lCI’V 566 were cast, near the crlds of t}]c pin flcxurcs to ccntcr  the flcxurc in the hole,
alld to prevent adhesive frorr] spr-cading beyond  t,hc bond surface (SCC IJig. 12). All borld surfaces were acid ctchcd
wittl  sulfuric acid/sodium dicllrornatc  thixotropic paste, and dcsmuttcd using a thixcjtropic  slurry of nitric acid and
deionized water. ICA!J394 epoxy was injcct,cd int,o the pin flcxurc  bond cavities of the tilt rncchanisrn  and the pin
flcxurcx  positioned. After curir]g, the bciicl was positioned and brrndcd to t}lc pin flcxurcs. Finally, the tic bar
flcxurc.. were bonded into position. AfLcr asscrnbly,  a final inspection of critical dirncr]sirms  was perforrr)cd and t,hc
subas.scrrlb]y  was dclivcrcd  to ltck for integration of the actuators and rr)irror.

7 .4  Actuator  rrncl nlirror  installation

At ltck, the actuators were prepared by lapping and bonding two clcctrostrictivc scgrrlcrlts togcihct irl a v-block
fixlurc.  T’}Ic 30 gage tcfton insulated wire leads were bonded to the cd?,c of the scgn)cnt,s using 112011 silver fllcd
conductive epoxy. l’hc  actuators were then surrounded by tcflorl shrink tubing  and baked in an oven at 120”C. The
shrink tubing functions as a st, rain relief to the wire leads.

When t hc J 1 ‘I, subasscrnbl  y was rcccivcd  at Itck, critical dirrIcrlsiorls were reinspected. ‘1’hc  unit w~s irlstallcd  in
tooli]lg  to su])porl  the cantilcvcrcd  bczc]  flcxurc  tines, and all surfaces to bc bonded were gri L blrusLcd with aluminum
oxide air trrasivc  powder. ‘l’hc sutrasscrnb]y  was ultrasorlically  clcancd  in slJcctral  gracic ethyl  alcohol.

1’}]c  actuators were then ccntcrcd  and trondcd  to the inside of the tilt rrwchanisrn canisters; the bonds were
cur-cd at 120°C. q’hc dcpt}l of the crrnistcrs  and the lcrlgth of the actuators were carefully rrlatchcd  .s0 as to expose
a fcw t}lousandths  of an inch of actuator bcycrrld  the back of the tilt rncchanisrr]. q’hc three cx[,oscd ends of the
actuators were lapped flat and c~planar with t}m back of the tilt rrlccharlisrr]  using silicon carbiclc sand paper bonded
to optically flat glrMs. A prcscritrcd  amount of ad}lcsivc  was a~)plicd to tl]c ends of the actuators and the cover, which
was then bonded ir]to position and cured at 120° C,. Crcat care wrLs  taken to control and rcrrlovc partic]cs  generated
by tl)c lapping process.

Thin sheets of lVf’V 566 wcrw cast and cured on a surface table. l’ads  of t}lis prepared rrlatcrial  were cut to
size arid tmndcd  to the surfacm  of the bezel tines using fresh IWV 566. “J’hc mirror was strip coated to protect the
]~olishcd  surface and p]accd face down on a surface table covcrcd by an acctatc alignment tcrnp]atc.  The pads of
IVI’V that had previously been bonded to the bezel were coated with fresh IU’V arid the subasscrnhly  ww  carefully
]owcrccl  irltrr position above t}lc mirror, the fL7’V making contact wit}l the cd~,c of t})c mirror. Thin layers of SS4155
prirrlcr }md been al)plicd  to the lnwrr and fused silica bonciing surfaces. ‘I<hc as+crrlb]y was allowed to cure for onc
week at 50 ~mrccnt  relative hu?nidi Ly in !,Ilis  configuration.

7.5 lmad d r e s s

All shat})  ertgcs  in proximity to t}lc tcf]orl  coatccl wire were cilhcr covcrcd with acrylic ad}wsivc Kapton  tape
or styca.sL 2850] ’’7’, catalyst ~ acthcsivc M a [)rccaution  against cold flow s}]orl  circuiting. ‘1’hc wires were carefully
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l’ig. 12. Jlctail of RTV  seal on pin flcxurc. l’ig. 13. IClcctrosl,rictivc actuator pull test results.

routed through the nlcchanism  and staked at several locations using stycast. 1 jack at .11’1,, the wires were routed on
a cabling mockup of the optical bench bulkhead, cut to lcrlgl,h  and crimped to a 15pirl  connector, The conrrcctor
brrckshcll was potted with RTV  566 for strain relief.

8. ENVIIL.ONMENTA1, TI!GS’I’lNC

8.1 “1’hm-rtml  vacuulr~ testing

ltac}l AF’M was subjected to a t}mrmal cycle test in vacuum. Typically, t}lc AI~M  wrus  mounted to an luvar  plate
with a fixed rcfcrencc  mirror attac}lcd.  The align nlcnt  between the AII’M  arid the rcfcrcncc  mirror was monitcn-ed
during the test to verify that the unpowered “home” position of the rnirrcrr  was stable across  tCrll~JcratUrC. !l’hc
prototype AII’M was cycled four times between - 15°C and -+ 40° C, with onc hour sorrks  at the upper tcnlpcraturc
and onc-ha]f  hour soaks at the lower tcmpcraturc. All subsequent AJ~Ms were subjcctcrt  to a single tcrrrpcrature
cycle. !t’hc AJ~M  W.M verified to rcrrlain in the ‘%on]c” aligned position to better t,hrrn 5 arc scc over a tcmpcraturc
swing of 10”C.

A flight, spar-c AI~M  WM put through an aggressive series of opcrationa]  tcst,s at 10°C and 15° C in vacuum. These
tests includcct calibration of tilt vs. voltage as a function of tcrnpcrature, repeatability of corllmandcd  tilt ang]c, and
the mcmurcmcnt of timing  functions t,o reach steady state after a change in vo]tagc.  At the coldest operational
tcrnpcraturc  of 10“C the AI(’M was found to bc rcpcatablc to within 41 ‘%0, the zero strain state was stable within
2 arc S C C, and t}]c tirnc to reach stable tilt was ICSS than 10 .scconds.

The flight spare was also suhjcctcd to a 1000 cycle Ii fc test at, 10°C, where onc cycle consisted of a voltage ratnp
to 90 volts and then back to zero. No change in opcrat,ional  performance as a result of the Iifc test was dctcctcd. The
n]irror  figure was also rnc.asurcd at 10” C to verify that no distortion of the rcflcctivc  surface occurs at operational
tct rl~)craturc.

8.2 ILnldom vit)ration testing

A rarldonl  vibration test of each AI”M was pcrforrncd  at the asscrnhly lCVCI. A flight spare AII’M was tested to
protoftig}lt atnp]itudc;5 the rcrnaindcr  were tcslcd to flight acceptance arnp]itudc  (– 4db from protoffight).  ]Iccausc
of the low rnrrs  (105 gram) and fragi]c nature of the AF’M,  it was dccidcd  that the vibration test should hc of the
force limited type.~ This is a relatively ncw test rncthodology  that autornatica]ly  accounts for the ftcxibility  of the
rrlating }Iardwarc that the test artic]c  attac}lcs  to in flight (irl this C.aSC  the optical bench). A rcfcrcncc  mirror wws
attac}md [o the test fixture ar]d t}le a]igrlrrlcrlt  of t,}]c AIJM relative to t}lc rcfcrcrlcc rrlirror W:LS  rnca~urcd before atld
afLcr t,hc t,cst. The A1’M  was vcrifjcd to rcrrlain a]igrlcd  withirl 3 arc Wcorlds. ]~rc arid post shake functional tilt tests
were also pcrfortncd  to verify no c]lange in pcrforll  Irmcc. All AIWfs passed t,he asscrrlb]y  ]CVCI vibratiorl  tests without

incidcrlt.
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t e s t

q’hc clcctrostrict.ivc  ccr-amic rnatcrial  bad not previously been space qualified, and qucstiorls  rcrrlaincd  regarding
the effects of cncrgctic  protons on tbc performance of t,hc actuator. A proton  radiatiol]  test was corlcluctcd using
onc of the cnginccring  model mirrors dcvclopcd  during the feasibility study. ‘1’his mirror was rnountcd  adjacent to a
rcfcrcncc  mirror with onc of the t}lrcc actuators cncrgizcd  to full voltage. Iloth mirrors were Irlonit,orcd during the
radiation exposure to detect any drift in the position of t,hc nlirror  that would suggest a problcm  with the acLuator.
No drifL was seen at 100 krad exposure lCVC1. No change in pcrforn~ancc  was dctcctcd as a result of the tesL.

8.4 Actuator tensile test

IIccausc  the clcctrostrictivc acLuators  are exposed to tensile strcs in the AIrM, additional testing was performed
on sirr]ilar Scgmcrlts bonded t,o Jnvar pull tabs. q’hc  tcsL  segments were tested to failure at various tcrnpcraturcs in
a tensile test, rnachinc.  These rcsulki  of the.sc tests arc shown in l’ig. 13. ‘1’}Ic.w  data suggest a .30 tensile strcngLh of
1188 psi, supporLirlg the ltck design allowable stras of 1000 psi.

9. MIRROR COATING

9.1 Vacuum bakcout

After cnvironrncntal  trxiing,  t,hc AP’M  was baked out in vacuum at 95°C for approximately onc week to drive off
condcnsiblc  volatilcs  in preparation for the coating of the rcftcctivc  surface. After coating, the AI”MS were typically
trakcd out, for an additional week before trcing ccrtificd  at +20°C to lc.ss than 1 rlrmograrn/crr12  pcr hour condcnsa.tion
rate on a surface (quartz crysLal  rnicrobalancc)  held at - 70” C.

9.2 Mirror clcmlling and coating

‘1’hc  rcquircmc]lt  for high efficiency ultraviolet performance demands that the coated mirror bc rnaintaincd  in a
very clean condition. For this reason it was dccidcd  that the coating of t}lc mirror wollld bc pcrforrncd as t,hc last
step. In order for the coating to properly ad}lcrc to the rrlirror substrate, the substrate must bc r[lolccu]ar]y  clean.
q’ypically this is achicvcd  by rinsing the mirror irl a series of solvents, ending with ]~’r-con q’J~ to provide a water break
free surface. Cleaning the AI~M  with F’rcon prmcntcd a sigrlificant  risk that the Ihcon would bc at)sorbcd  into the
organic adhesives, creating a Iatcr  outgaxing  contamination pr-oblcrn  in vacuum. With nmch difficulty, a cleaning
flxturc  was dcsigrlcd that i]lcorporatcd  a latex condom and a surgical glove to sea] off Lhc r[lcc})arlisr[l from the fronL

surface of the mirror. q’his fixture was successfully used to clean the AlI’M mirror subsLratcs  irnrllcdiat.cIy  prior to
coating. The rrlirrors were coaLcd with an Acton  1’200 coating (alurnirlurrl  ovcrcoatcd  with rrlagl[csiurrl  fluoride) that
approached near theoretical rc[lcctancc  values in every ca.w;.

10. AS-13 U11,T l)l’;llFOIIMANCE

Thc a.~-bui]t pcrforrnancc  of the AF’M  is summarized in q’able 3 together with the pcrforrnarrcc  spccificatic,ns.
As can bc seen, the as- builL pcrforrrlancc  achicvcs  or surpa.wx all furlcLiona]  and optical s~)ccificaLiorls.

l’able 3. As-builL pcrforrnancc  surl)rr]ary

specification as -- bui]tt

Tip/Tilt ltzrngc  at 22° C - - d- 208 arc Scc
]5° C >4 206 arc scc + 254 arc scc
IO”c > 3- 206 arc scc + 298 arc scc

short  q’crrr] (2000 .sccond) Stabi]iLy* < 2. 1.8 arc scc :1 0.5 arc scc
l,ong  g’crrn Stabi]ityt < d: ]3,6 arc scc 4 7 arc scc

ILcpcatabi]ity = 3- l %  (:1.2 a r c  SCC) = 3 190
Surface l)cviation (at 6328A) < A/100 RMS A/2oo lLMS

~~cflcctar]cc  aL 12] 6A > 78% 82$Z0
ILcflcctancc at 2537/! >8670 8870-— . ..—. . . -.

* assurrms i.crr,  pcra Lure stabili Ly of :{ 0. f)7°  C at 10” C arid 1 rnrad tilt
t ak.urr]<s  t.c,r)[wraturc  s t a b i l i t y  of :1 1°C  at 10”  C  and 1 r,,ra(i tilt
~ ir,clud(~  as- built pc:rfOr*rhar,cc Of drive c[<xLrOx,ic.
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